This study evaluated a ferrioxalate-induced solar photo-Fenton process for natural rubber latex 
INTRODUCTION
The rubber industry is one of the fastest growing industrial sectors in India. The raw material for natural rubber production is a white fluid called 'Latex' which is obtained from Hevea brasiliensis trees. Rubber is mainly produced in three states of India, namely Kerala, Tamil Nadu, and Karnataka, among which Kerala accounts for 90% of the entire production of rubber in the country (Madhu et 
).
Without proper treatment, discharge of wastewater from rubber-processing industry can cause a significant threat to the environment due to toxicity, stability, poor biodegradability, and the ability to remain in the environment for a long period of time. Generally, the technologies of wastewater treatment of natural rubber processing in India are based on conventional biological processes, with the following examples: pond system, oxidation ditch, anaerobic digestion, and activated sludge. However, these systems are inefficient for the removal of recalcitrant organics and micro-pollutants in latex wastewater. In addition, these systems need long retention times and large treatment areas.
Physical and chemical methods like coagulation-flocculation, ultrasonic irradiation, ozonation, and electrochemical methods have been applied. Nevertheless, these methods have some operational problems like low efficiencies and reaction rates, sludge generation, phase change of pollutants, and high operative costs (Nguyen & Luong ) . So wastewater. Therefore, they are not able to properly treat the latex wastewater in order to meet the minimum national standards for discharge (MINAS ).
Advanced oxidation processes (AOPs) can be con- 
The main goal of this work is to evaluate whether ferrioxalate-induced solar photo-Fenton technology is a suitable technology for the degradation of wastewaters from natural rubber latex industries and to find the proper operating conditions to achieve sufficient degradation and to produce enhanced biodegradability of the latex wastewater being discharged into a conventional activated sludge system.
EXPERIMENTAL Wastewater characteristics
Latex wastewaters were obtained from a rubber industry located at Alapuzha district in Kerala, India. The tests were performed with primarily treated wastewater (collected at the outlet of the plain sedimentation tank).
The sample was collected in plastic cans that were transported to the laboratory and were stored at 4 W C. The wastewater was characterized with a high organic load of COD and BOD 5 . The physicochemical characteristics of the wastewater were carried out as per Standard Methods (APHA ) and are listed in Table 1 .
Chemicals
All reagents used in this experiment were of analytical grade, and they were used as received without further purification. The chemicals used in this study are ferrous sulfate heptahydrate (FeSO 4 · 7H 2 O), hydrogen peroxide The set-up consists of a flow-through reactor placed on a platform under solar irradiation. The wastewater was continuously recycled at a rate of 200 mL/min with the help of a circulating pump. Air was supplied into the wastewater using aerators. 
Experimental methods

All
Experimental design and mathematical modeling
Response surface methodology (RSM) was used for the experimental design and optimization of the process with minimum runs of experiment. This could remove the timeconsuming phase which could not be achieved using conventional methods (one-factor-at-a-time approach). Besides, calculated using the following equation:
where i and j are the linear and quadratic coefficients, respectively, and β is the regression coefficient. Predicted values were solved from the derived equation for each response. These predicted values were plotted to obtain the contour plots that were used for the optimization process. Analysis of variance (ANOVA) was used for graphical analysis of data to obtain the interaction between operating variables and response. The quality of fit of the polynomial model was expressed by the coefficient of determination R 2 , and its statistical significance was checked by
Fisher's F-test. The model terms were evaluated by the P-value (probability value) with 95% confidence level.
Three-dimensional plots were obtained for COD removal based on the effects of the four variables, namely initial pH, concentration of ferrous ion, oxalic acid, and hydrogen peroxide. Furthermore, the optimum region was identified based on the main parameters in the desirability plot.
RESULTS AND DISCUSSION
Model fitting and statistical analysis
The experimental data for COD removal by ferrioxalateinduced solar photo-Fenton process are given in Table 2 .
The relationship between the four variables (pH, initial concentrations of Fe 2þ , oxalic acid, and H 2 O 2 ) and COD removal efficiency was analysed using CCD. The predicted values were obtained from the model fitting technique, using the design expert version 9.0.2 software, and were seen to be sufficiently close to the observed values. The regression coefficients of the model describing the COD removal are summarized in Table 3 . The significance of each coefficient was determined by F-value and P-value.
Corresponding to the P-values, it was suggested that among the test variables used in this study, A, B, C, D, AB, AC, and AD are the significant model terms. Coefficients of the model terms are listed in Table 3 . The values that are greater than 0.1000 indicate that the model terms are not significant. The empirical regression equation for COD removal, in terms of coded factors, is given in the following equation: The influence of the pH and H 2 O 2 concentration on COD removal efficiency is presented in Figure 2 . At an optimal 
The influence of the pH and oxalic acid concentration on COD removal efficiency is presented in Figure 3 . The results revealed that varying the pH and the addition of oxalic acid could increase the reaction rate or cause inhibition effects, depending on the operating conditions. 
An excess of oxalic acid cannot complex with ferric ions in wastewater, and the light penetration through irradiated wastewater decreases. In addition, the excess of oxalate acts as an additional organic compound, so it competes the
with the organics present in the wastewater, thus reducing the degradation efficiency. On the other hand, the negative effect on the degradation with excess of oxalic acid can also be due to CO 2 produced according to Equation (3), which could be converted to CO 
PROCESS OPTIMIZATION AND VERIFICATION
In numerical optimization, the desired goal for each factor and response is chosen from the menu. The available goals are as follows: maximize, minimize, target, within range, none (for response only), and set to an exact value (for factors only). The goals are combined into an overall desirability function. Desirability is an objective function that ranges from zero outside of the limits to one at the goal. Based on the solutions generated by the design software, the optimum conditions were predicted by response surface methodology for the maximum COD removal efficiency (91.6%) with a desirability value of 0.970, which was adopted for the verification experiment. In order to validate the optimum point generated by CCD, the experiment was carried out at pH of 4, Fe
.5 g/L, and treatment time of 1 hour.
In Table 4 , experimental values (COD removal ¼ 89.9%)
were found to be in good agreement with the values predicated from CCD (COD removal ¼ 91.6%).
Study of the biodegradability and contact time
The Ginni et al. ). Table 5 shows the treated characteristics of the latex wastewater. The COD and BOD 5 of latex wastewater after treatment were reduced to 200 and 85 mg/L, respectively.
Reaction kinetics
In order to achieve the proper design of a solar photo reactor, it is very important to determine the kinetic coefficients involved in a reaction. The reaction during ferrioxalateinduced solar photo-Fenton treatment of latex wastewater is very complex, in terms of many intermediates and ultimate products (Shahrezaei et al. ) . A brief discussion on the kinetics study of COD removal will be given. The reactor was operated under optimum conditions, i.e. pH ¼ 4,
and irradiation time of 6 hours. The rate data were modelled by first-order kinetics as in the following equation, with the reactant concentration given as COD:
where t is reaction time and k is the rate constant. Integrating Equation (14) gives
where COD 0 is the initial COD value.
The correlation between ln(COD 0 /COD) and the reaction time (t) was drawn based on Equation ( 
Design of the field-scale reactor
The scaling up of the solar photo reactor is simple as there is no necessity for solar tracking system. The fieldscale reactor was designed to treat the latex wastewater with a flow rate of 5 m 3 /day. The reactor was designed for 99% COD removal. The average yearly solar UV light intensity for the location of study was calculated as 32 ± 2 W/m 2 , and the average daily useful operating hours was found to be 6 hours. Sagawe et al. () suggested the equation for the kinetic model, which accounts for the effect of pollutant concentration, volumetric flow rate, light intensity, and solar irradiation area; these were used to arrive at a lump parameter (K 3 ): 
The scaling up of the field-scale reactor can be given by the following equations:
The depth of the reactor, based on detention time, included free board ¼ 0.1 m.
Economic analysis
Cost is always a key topic when innovative technologies are Fenton process-generated wastewater, which met the legal requirements for discharge into natural waters.
